Previously we defined neuronal subclasses within the mouse peripheral nervous system using an experimental strategy called "constellation pharmacology." Here we demonstrate the broad applicability of constellation pharmacology by extending it to the CNS and specifically to the ventral respiratory column (VRC) of mouse brainstem, a region containing the neuronal network controlling respiratory rhythm. Analysis of dissociated cells from this locus revealed three major cell classes, each encompassing multiple subclasses. We broadly analyzed the combinations (constellations) of receptors and ion channels expressed within VRC cell classes and subclasses. These were strikingly different from the constellations of receptors and ion channels found in subclasses of peripheral neurons from mouse dorsal root ganglia. Within the VRC cell population, a subset of dissociated neurons responded to substance P, putatively corresponding to inspiratory pre-Bötzinger complex (preBötC) neurons. Using constellation pharmacology, we found that these substance P-responsive neurons also responded to histamine, and about half responded to bradykinin. Electrophysiological studies conducted in brainstem slices confirmed that preBötC neurons responsive to substance P exhibited similar responsiveness to bradykinin and histamine. The results demonstrate the predictive utility of constellation pharmacology for defining modulatory inputs into specific neuronal subclasses within central neuronal networks.
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calcium imaging | NK1 receptor | glutamate | acetylcholine | conotoxin P rogress in understanding the mammalian brain has been impeded by the extraordinary complexity of cell types comprising the circuitry and the difficulty in bridging different levels of biological organization from the molecular to the cellular and systems level (1) (2) (3) (4) . Systems neuroscientists study the circuitry and high-level functions of the brain, whereas molecular neuroscientists study the molecular components. The large divide between these two branches of neuroscience clearly needs to be bridged to understand fully neuronal and behavioral functions in health and disease. To this end, we recently demonstrated an experimental approach we call "constellation pharmacology" to identify different neuronal subclasses by the combinations (constellations) of receptors and ion channels functionally expressed in each subclass (5) (6) (7) (8) . This experimental approach initially was applied to somatosensory neurons of the peripheral nervous system (PNS). In the present study, we use constellation pharmacology to identify neuronal subclasses of the CNS and to characterize these subclasses at the network level. Specifically, we have used constellation pharmacology to define the diverse cell types found in the mouse ventral respiratory column (VRC) and surrounding brainstem tissue.
The VRC contains a variety of neurons that are active during either inspiratory or expiratory phases of breathing. One key network within the VRC is the pre-Bötzinger complex (preBötC), which contains the circuitry essential for generating the respiratory rhythm (9) (10) (11) (12) . This network of inspiratory neurons is heterogeneous, encompassing neurons with unique pharmacological profiles (13) (14) (15) (16) (17) . Moreover, the tissue immediately surrounding the preBötC also contains neuronal networks important to cardiovascular control, such as cardiac parasympathetic vagal neurons of the nucleus ambiguus and noradrenergic neurons of the A2/C2 region (18, 19) . This anatomical convergence of networks responsible for respiratory and cardiovascular control creates an avenue through which different control elements may coordinate and couple (20) but also produces a cellular population that is heterogeneous in the responsiveness to neuromodulation.
Here we used constellation pharmacology to identify three major cell classes from the VRC and surrounding tissue. Each of these major cell classes encompasses additional subclasses that exhibit unique pharmacological profiles. We focused on one specific neuronal subclass that is responsive to substance P because substance P is an established modulator of inspiratory preBötC neurons (16) . Constellation pharmacology suggested that substance P-responsive inspiratory neurons also would be responsive to histamine and bradykinin. This hypothesis was confirmed in the acute brainstem slice. Thus, this study demonstrates the utility of constellation pharmacology for investigating cell-specific constellations of receptors and ion channels expressed within neuronal and glial subclasses of the mouse brainstem and the broader potential for bridging molecular and systems neuroscience at the cellular level.
Results
Dissociated VRC Cell Cultures. We prepared cultures of dissociated VRC cells as described in SI Materials and Methods. Briefly, for each culture, we prepared a brainstem slice ∼200 microns thick, at the level of the preBötC, from a mouse at postnatal day 7 or 8 (P7-8). We followed the same experimental approach and same protocols that we developed for producing rhythmically active
Significance
We functionally profiled cells from a locus of the mouse brainstem that contains the neuronal network responsible for generating breathing patterns. By uncovering cell-specific constellations (i.e., distinctive combinations of receptors and ion channels that define each cell type), we identified specific neuronal classes and subclasses within the network. We discovered neuromodulators affecting the activity of specific neuronal subclasses within the functional network. This study provides proof-of-principle that a pharmacological strategy for altering the activity of a specific type of neuron can be developed which has potential as a parallel or complementary approach to genetic strategies for functionally perturbing a specific neuronal cell type in vivo. Additionally, unlike genetic approaches, this pharmacological approach is directly applicable to nonmodel organisms.
brainstem slice preparations (15, 17, 21) . The region containing the preBötC and surrounding VRC was microdissected from the brainstem slice; then the cells were dissociated by enzymatic (trypsin) and mechanical methods. Cells were cultured overnight before calcium-imaging experiments were performed. Fig. S1 shows images of dissociated VRC cell cultures of inadequate, optimal, and excessive density. In our hands, the optimal plating density was ∼800 cells/mm 2 (not all cells survive). This plating density allowed us to perform calcium-imaging experiments in which we could monitor the individual responses of more than 100 cells simultaneously while avoiding an excessive number of cells that overlapped or made contact with neighboring cells. This optimal density enabled us to report the intrinsic responses of individual cells confidently in this study.
Calcium Imaging. Fig. S1 exemplifies a VRC cell culture that was used for a calcium-imaging experiment. The images in Fig. S1 D-G show the same field of view. Fig. S1D is bright-field image. A fluorescence image of the same cells loaded with Fura-2-AM dye (380-nm excitation and 510-nm emission) is shown in Fig.  S1E . Fig. S1F is a pseudocolored ratiometric image of cells loaded with Fura-2-AM dye at rest. The ratio of fluorescence intensities at 510-nm emission, when excited alternately with 340-nm and 380-nm light, provides a relative measure of cytosolic calcium concentration, [Ca 2+ ] i . Fig. S1G is a ratiometric image taken immediately after a stimulus to which a subset of the cells in the culture responded with an increase in [Ca 2+ ] i . The essence of the constellation pharmacology strategy is to probe a heterogeneous population of dissociated cells with a panel of selective pharmacological agents, among other physicochemical perturbations, and to monitor simultaneously the individual responses of more than 100 cells by calcium imaging. By monitoring the different response phenotypes, we can parse cell populations into major cell classes and minor subclasses.
Pharmacological Profiling of VRC Cells. Fig. 1 Table 2 ). Notably, responsiveness to glutamate was excluded as a criterion for classifying cells, because ∼75% of both class A and class B cells responded to glutamate. However, only class B cells responded to the other receptor agonists (Table 2 ). In fact, the majority of class B cells responded to each of the receptor agonists, with the exceptions of the neuropeptides substance P and bradykinin, to which a minority of the class B cells responded ( Table 2 ). This difference was statistically significant (P value = 0.001, Student t test). At present it is unclear whether class B cells are all neurons or are a mixed population of neurons and glia.
The third major cell class, class C, comprises putative nonneuronal cells (glial cells and potentially other nonneuronal cells) that did not respond to depolarization by high [K + ] o or responded very weakly (i.e., a change in 340/380-nm ratio <0.1) (Fig. 1C and Table 2 ), suggesting that, unlike neurons, they do not express voltage-gated calcium channels or express these channels at very low levels. A small minority of class C cells responded to each of the receptor agonists tested (Table 2) Cluster Analysis of VRC Cells. With the eight stimuli shown in Fig. 1 , it theoretically is possible to identify 256 unique cell-response profiles, but 103 unique response profiles actually were observed. We first grouped these 103 response profiles into three broad cell classes, A, B, and C, as described above and as shown in Table 2 . We then performed cluster analysis to determine whether these broad cell classes were supported by an unbiased data analysis. The cluster analysis included 1,586 cells, representing the 103 unique response profiles, which clustered robustly into three broad cell classes in all 500 bootstrap trials. These broad cell classes were consistent with our original designations of cell classes A, B, and C.
As a lower bound on the number of unique cell profiles robustly identified, we estimated the number of clusters required to explain most of the variation in cell responses. The cluster analysis summarized in Table S1 grouped cells into 36 clusters that explain 99% of the cell responses. We then sorted those 36 clusters from Table S1 into broader groups that essentially correspond to our original assignments of class A cells (the top two clusters), class B cells (the middle 24 clusters), and class C cells (the bottom 10 clusters). Notably, for each cluster shown in Table S1 , the predominant response profiles (the prototype response profile) and the mean responses to depolarization by high [K + ] o (the mean K + response) agree with these broader cell class designations.
Comparison of VRC and DRG cells. For direct comparison with VRC cells, we conducted the profiling protocol shown in Fig. 1 with cultures of dorsal-root ganglion (DRG) cells from mice of the same age (P7-8). Table 2 shows the direct comparison between VRC and DRG cells in response to the same panel of pharmacological agents. We divided DRG cells into a combined class A/B group and a separate class C group. The distinction between class A and B cells that was obvious in the VRC was not evident in the DRG. Furthermore, in the DRG, the cell bodies of the neurons are morphologically distinct from the other cell bodies in the culture: The neuronal cell bodies are larger in diameter than the nonneuronal cell bodies and are rounder than the cell bodies of the satellite glial cells, which are relatively flat and elongated (24) . Therefore, we can conclude that in DRG cultures the class A/B cells are neurons and the class C cells are various nonneuronal cells.
There are several notable points of comparison and contrast between VRC and DRG cultures from P7-8 mice (Table 2) Table 2 .
Acetylcholine-Receptor Expression in VRC Cell Classes. In addition to the experimental protocols shown in Fig. 1 and Fig. S2 , we investigated the expression of acetylcholine (ACh) receptors (AChRs) in VRC cells (Fig. S3) . We observed that responses to ACh were blocked by atropine, suggesting that these responses were mediated primarily by muscarinic acetylcholine receptors (mAChRs) and not nicotinic acetylcholine receptors (nAChRs) (Fig. S3) . When the cells were preincubated with a positive allosteric modulator of α7 nAChRs, PNU-120596 (PNU), then a different subset of cells responded to ACh. Notably, α7 nAChRs desensitize very rapidly upon application of ACh (25) . Such rapid desensitization may prevent a measurable increase in [Ca 2+ ] i in the absence of PNU. To confirm that the ACh responses in the presence of PNU were mediated by α7 nAChRs, we blocked the responses with the highly subtype-selective blocker of α7 nAChRs, α-conotoxin ArIB[V11L;V16D] (Fig. S3) (26) .
As shown in Fig. S3 , we divided VRC cells into classes A, B, and C, on the basis of their responses to high [K + ] o , ACh (before PNU application), substance P (as shown in Fig. S3 The VRC dataset was compiled from five independent experimental trials using cells prepared separately from four different mice. The DRG dataset was compiled from six independent experimental trials using cells prepared separately from two different mice. ACh, acetylcholine; Br, bradykinin; Glu, glutamate; H, histamine; NE, norepinephrine; SP, substance P.
norepinephrine. Class C cells were determined by the same criterion used in Table 2 , a change in the 340/380-nm ratio <0. Fig. S3D . None of the class A cells responded to ACh before the application of PNU. However, after preincubation with PNU, the majority of class A cells (66%) began to respond to ACh, indicating that they express functional α7 nAChRs (Fig. S3 A and D) . In contrast to class A cells, the majority of class B cells (73%) responded to ACh before PNU application. Those responses were blocked by atropine, indicating that the majority of class B cells express functional mAChRs (Fig.  S3 B and D) . (Fig. 2) . Class C cells were determined by the criterion used in Table 2 Fig. 2 A and C) . The majority of class B cells functionally expressed AMPA and/or kainite receptors, but only a small minority expressed NMDA receptors (Fig. 2 B and C) . Class C cells did not express NMDA receptors (Fig. 2C) .
From Dissociated Cells to Functional Networks. Histological studies within the VRC demonstrate that neurokinin-1 receptors within this brainstem region are concentrated most densely at the level of the preBötC (27) (28) (29) and that the application of substance P to the preBötC stimulates both rhythmic network activity and excitability of synaptically isolated preBötC neurons in the brainstem slice preparation (16, 27) . Thus, we focused on class B cells within our dissociated cell preparations that responded to substance P. Fig. 1B and Table S1 demonstrate that there were two main clusters (or subclasses) of substance P-responsive (class B) cells. Although both cellular subclasses were responsive to histamine, only one was responsive to bradykinin (Table S1) . Thus, we hypothesized that histamine and bradykinin may directly modulate the activity of inspiratory preBötC neurons. Patch-clamp recordings were made from inspiratory preBötC neurons in rhythmically active brainstem slice preparations. When these neurons were identified in the functional network, they were isolated from fast synaptic transmission. Fig. 3 shows that histamine and bradykinin exhibited neuromodulatory effects in inspiratory neurons that also were responsive to substance P. Histamine or bradykinin changed firing patterns and increased the firing rate of many inspiratory neurons (Fig. 3) . Moreover, as is consistent with the dissociated-cell experiments, substance P-responsive inspiratory neurons within the brainstem slice exhibited a variable sensitivity to bradykinin, as illustrated in the bradykinin response alone (Fig. 3 B and C) and when comparing Compilation of data for class A and B cells. This dataset was compiled for 2,483 cells from eight independent experimental trials, using cells prepared separately from five different mice. Notably, there are some minor discrepancies between the data compiled in C from the experimental protocol depicted in A and B and the data compiled in Table 2 from the experimental protocol depicted in Fig. 1 ; these discrepancies demonstrate a range of experimental variability.
the individual bradykinin response with that of the respective substance P response (Fig. 3D) .
Discussion
The results shown in Fig. 3 have two broad implications. (i) Constellation pharmacology can identify neuronal subclasses in dissociated cultures that maintain specific properties of neuronal subclasses within an organized network.
(ii) Constellation pharmacology can be used to generate hypotheses that are testable, and in this case confirmed, within more intact systems. In conjunction with our prior studies of the PNS (5-8), this study suggests that constellation pharmacology may be applied productively to any locus of the CNS. Thus, our ultimate goal is to use constellation pharmacology broadly across different organisms, in different anatomical loci, and at different stages of development to characterize single cells by elucidating their cell-specific constellations of signaling proteins. Previously, we reported a similar characterization of cells from mouse DRG (5-7), which we recently have extended to both trigeminal ganglia (TG) and DRG at different developmental stages (8) . In the latter study, neurons from a genetic model organism (mouse) were compared with homologous neurons from a nonmodel organism (rat). In this report, we have extended constellation pharmacology to the comparison of cellular subclasses in the CNS and PNS. In contrast to the DRG and TG neurons that transduce many different sensory modalities from the periphery to the brain, the VRC comprises neuronal networks with integrated physiological functions, i.e., cardiorespiratory control. Not surprisingly, the constellations of DRG cells are strikingly different from the constellations of VRC cells (Table 2) .
In this study, we initiated the classification of different VRC cell types within the mouse brainstem at the level of the preBötC. We have identified three major cell classes: A, B, and C. Class A cells, on average, were strong responders to a depolarizing stimulus. The majority also responded to glutamate but not to any of the other receptor agonists tested in Fig. 1 (see Table 2 ). However, after preincubation with PNU, the majority of class A cells began to respond to ACh, indicating that they express α7 nAChRs (Fig. S3) . In contrast to class A cells, class B cells, on average, were relatively weaker responders to a depolarizing Fig. 3 . The effects of substance P, bradykinin, and histamine on inspiratory neurons of the preBötC within a brainstem slice preparation. (A) Electrophysiology traces are shown in pairs from the preBötC population ( R , upper trace in each case) and a single inspiratory neuron of the preBötC (lower trace in each case) during synaptic isolation, without modulation, and in response to substance P (SP; 1 μM), bradykinin (Br; 10 μM), and histamine (H; 10 μM). (Top) Neuron 2 is silent in the absence of exogenous neuromodulation, is stimulated in the presence of substance P to exhibit a tonic firing pattern, is silent in the presence of bradykinin, and was not tested in the presence of histamine. (Middle) Neuron 10 is tonic in the absence of exogenous neuromodulation. Although both substance P and bradykinin stimulate a tonic firing rate, histamine changes the tonic firing pattern to a burster phenotype. (Bottom) Neuron 13 exhibits a burster phenotype in the absence of exogenous neuromodulation. Substance P stimulates the burster phenotype, whereas both bradykinin and histamine caused Neuron 13 to depolarize (>1.5 mV), requiring the injection of a hyperpolarizing current to prevent depolarization block. stimulus, and the majority of class B cells responded to several different receptor agonists (Fig. 1, Table 2 , and Table S1 ). Class C cells either did not respond to a depolarizing stimulus or responded very weakly, suggesting that they include glial cells and potentially other nonneuronal cells ( Fig. 1 and (Fig. S2) .
Within class B, the substance P-responsive neuronal subclasses are of particular interest because of their putative roles in generating the breathing pattern within the preBötC. Although the neurokinin-1 receptor does not discretely define the boundaries of the preBötC, histological studies demonstrate that neurokinin-1 receptors are highly concentrated at the level of the preBötC (27) (28) (29) . Furthermore, the application of substance P to the preBötC stimulates rhythmic network activity and excitability of synaptically isolated preBötC neurons (16, 27) . The two major subclasses of substance P-responsive neurons identified in dissociated cell culture (Table S1 ) appeared to be preBötC neurons because they responded to neuromodulators (substance P, ATP, and norepinephrine) previously shown to modulate the activity of inspiratory preBötC neurons (16, (30) (31) (32) . Additionally, both subclasses responded to histamine, and one subclass responded to bradykinin (Table S1 ). Constellation pharmacology correctly predicted that preBötC neurons would include both bradykinininsensitive and -sensitive cells (Figs. 1 and 3 and Table S1 ). Although previous work demonstrated a role for histamine H1 receptors in stimulating breathing (33) , our study demonstrates that histamine directly stimulates inspiratory preBötC neurons. The impact of bradykinin on the excitability of preBötC neurons was unknown previously. Thus, we show that constellation pharmacology, coupled with investigations in more organized network structures, can provide insight into biologically relevant cell classifications and cell-specific neuromodulation.
A comparison of bradykinin and substance P responses in dissociated cells and in the brainstem slice revealed a similar distribution of bradykinin sensitivity when normalized to the substance P response of a given cell (Fig. 3D) . About 28% of inspiratory neurons were relatively unaffected by bradykinin (with a <20% increase in firing rate ; Fig. 3C) ; this lack of response could not be predicted by firing pattern (Fig. 3B) . The proportion of inspiratory neurons unaffected by bradykinin was expected to be larger, given that ∼50% of dissociated substance P-sensitive cells were unresponsive to bradykinin (Table S1 ). However, it may be that not all substance-P sensitive neurons in dissociated culture are preBötC neurons.
One way in which we will explore further the cell-specific constellations of VRC neurons is through the application of subtype-selective conotoxins. We have used this strategy to identify differences in the voltage-gated Na, Ca, and K channels expressed in two different subclasses of cold-and mentholsensitive DRG neurons (5) . The ever-expanding toolkit of selective pharmacological agents, including the conotoxins among many others, will make constellation pharmacology an increasingly powerful platform for single-cell profiling. With our approach we should be able to tease apart the differential physiological roles of divergent neuronal subclasses. By combining insights at the molecular and cellular level with insights at the network level, we hope to achieve a more integrated understanding of cardiorespiratory functions, including breathingpattern generation and modulation, thus providing a test case that bridges molecular and systems neuroscience.
Materials and Methods
Materials and methods either have been described in detail previously (5) (6) (7) (8) 21) or are described in SI Materials and Methods. Transverse medullary brainstem slices were taken from male and female P7-10 mice with a C57BL/6 background as described previously (21) . All procedures in this study were approved by the Institutional Animal Care and Use Committees of the University of Utah or Seattle Children's Research Institute.
